Transport carriers operating between early compartments in the mammalian secretory pathway have to travel long distances in the cell by mostly relying on the microtubule network and its associated motor proteins. Although anterograde transport from the endoplasmic reticulum (ER) to the Golgi complex is mediated by cytoplasmic dynein [1, 2] , the identity of the motor(s) mediating transport in the retrograde direction is presently unclear. Some studies have suggested that the heterotrimeric kinesin-2 complex plays a role in transport between the ER and the Golgi [3, 4] . Here, we have examined kinesin-2 function by using an RNA-interference approach to downregulate the expression of KAP3, the nonmotor subunit of kinesin-2, in HeLa cells. KAP3 silencing results in the fragmentation of the Golgi apparatus and a change in the steadystate localization of the KDEL-receptor (KDEL-R). Using specific transport assays, we show that the rate of anterograde secretory traffic is unaffected in these cells but that KDEL-R-dependent retrograde transport is strongly abrogated. Our data strongly support a role for kinesin-2 in the KDEL-R-/COPI-dependent retrograde transport pathway from the Golgi complex to the ER.
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Results and Discussion

KAP3 Downregulation Results in Aberrant Golgi Complex Morphology
The heterotrimeric kinesin-2 is composed of two motor subunits (KIF3A and KIF3B) and a nonmotor subunit, KAP3. Recent studies have shown that KAP3 is required for correct function of the entire heterotrimeric motor complex [5] [6] [7] . To further study the function of kinesin-2, we used an RNA-interference approach targeting the KAP3 subunit in cultured mammalian cells. Transfection of various siRNAs in HeLa cells showed that two of them, targeting nucleotides 161-181 and 567-587 of the KAP3 mRNA, reduced the amount of KAP3 protein (by 55% and 85%, respectively) after 48 hr. We used the second of these siRNAs for subsequent studies because it consistently showed the strongest KAP3 downregulation. Longer incubations (up to 72 hr) revealed the presence of many dead cells and attached cells with an abnormal elongated morphology (data not shown). Subsequent experiments were therefore all performed 48 hr after transfection, and cell populations showed at least an 80% reduction in the amount of KAP3 protein compared to that in control cells ( Figure S1A in the Supplemental Data available online). Immunoblotting analysis also revealed a 50% reduction in detectable levels of the two motor subunits, KIF3A and KIF3B ( Figure S1A ), indicating their downregulation as a response to the reduced levels of KAP3.
Because Xklp3, the Xenopus ortholog of KIF3B, has been shown to localize to membranes at the ERGolgi-complex interface [3] , we decided to examine the overall morphology of these organelles in KAP3-downregulated cells. The appearance of the ER (Calnexin) and ER-exit sites (Sec23) was unaltered by KAP3-downregulation ( Figure S1B ). We next examined the distribution of markers for the Golgi apparatus; specifically, we examined the distribution of the tethering protein Golgin-84, the enzyme galactosyl transferase (GalT), and the Golgi antigen 6c6 [8] . In mock-treated cells these proteins localized along ''ribbon-like'' Golgi structures in the juxta-nuclear area of the cell, as expected. By contrast, in KAP3-knockdown cells, these markers localized to smaller scattered structures, suggesting that the Golgi complex had become fragmented ( Figure 1A) . Furthermore, markers of the cis face of the Golgi complex (GM130) and the trans-Golgi network (TGN46) were also associated with scattered elements ( Figure S2A ). However, the cis-and trans-Golgi markers remained in very close proximity to one another, although they did not perfectly colocalize ( Figure S2A , inset). A comparison of the number of distinct Golgi fragments (detectable at the level of the light microscope) in mock-treated and KAP3-knockdown cells revealed a 2-to 4-fold increase upon KAP3 downregulation ( Figure 1B ). This phenotype appeared to be specific in that we did not see any effect on the number of endosomal (EEA1-positive) structures in these cells ( Figure 1C) .
We then examined KAP3-knockdown HeLa cells by electron microscopy to obtain more insight into the nature of the fragmented Golgi elements. In control cells, we found the characteristic long ribbon of laterally connected stacks organized into four to five cisternae. By contrast, the KAP3-knockdown cells contained many smaller tubular elements and an accumulation of structures with vesicular profiles and a diameter of 100-200 nm ( Figure 1D ). Immunogold labeling of cryosections from KAP3-knockdown cells revealed that many of these tubular membrane structures were labeled with anti-GM130 antibodies, indicating that they corresponded to cis-Golgi-derived elements ( Figure S2B ). 
Golgi Morphology Can Be Rescued by Exogenous KAP3 Overexpression
To confirm that the observed reorganization of Golgi membranes was a direct consequence of interfering with kinesin-2 function, we transfected control and KAP3-downregulated cells with plasmids encoding a full-length KAP3 construct containing seven silent mutations (HA-KAP3*) within the siRNA target sequence. Immunofluorescence analysis of control cells revealed that almost all the Golgi complexes had a compact interconnected appearance, regardless of the presence of overexpressed HA-KAP3* protein ( Figures S3A and  S3B ). By contrast, in the KAP3-knockdown cells, a normal Golgi pattern was observed in only 21% of the cells. However, in those cells also expressing HA-KAP3* protein, 55% of the cells now reverted to having a wild-type Golgi appearance ( Figures S3A and S3B) . Quantification of the number of Golgi fragments in the rescued cells revealed that HA-KAP3* expression restored the number of detectable Golgi fragments to control levels (Figure S3C ). This result strongly suggests that the Golgi scattering phenotype is directly linked to the reduction of KAP3 levels.
KIF3A Downregulation Results in Aberrant Golgi Complex Morphology
In an alternative approach to interfering with kinesin-2 function, we downregulated KIF3A, one of the motor subunits (by 40%). As seen for KAP3 downregulation, KIF3A downregulation also led to a downregulation of the other kinesin-2 subunits (by 30%) ( Figure S4A ). Immunofluorescence analysis similarly revealed that Golgi markers showed a more fragmented distribution than control cells, albeit to a less severe extent than that seen in the KAP3-knockdown experiments ( Figures  S4B and S4D ). The number of EEA1-positive structures remained unchanged ( Figures S4C and S4D ).
Kinesin-2 Function Is Essential for the Steady-State Distribution of ER-Golgi Recycling Proteins
To exclude the trivial possibility that the observed Golgi fragmentation was a consequence of an effect on microtubule organization, we immunostained cells with antia-tubulin antibodies. KAP3-and KIF3A-knockdown cells with a clearly fragmented Golgi apparatus had a normal well-organized microtubule network ( Figure  S5A ). Similarly, inhibition of the activity of the minusend-directed dynein/dynactin complex (by injection of the p50/dynamitin subunit) also resulted in a fragmented Golgi complex but a normal microtubule cytoskeleton ( [1] Figure S5A ). However, in this latter case, and in cells treated with the microtubule-depolymerizing agent nocodazole, the Golgi remnants appeared to be redistributed to more peripheral sites in the cell ( [9] Figure S5A ) than they were in the kinesin-2-impairment experiments, thereby distinguishing these phenotypes. Golgi fragmentation by nocodazole does not appear to require kinesin-2 activity because in KAP3-knockdown cells nocodazole treatment still resulted in a complete Golgi fragmentation to the cell periphery ( Figure S5A ).
We next examined the distribution of proteins that recycle through the Golgi complex. Such proteins inlude the KDEL receptor (KDEL-R), which retrieves soluble cargo from the Golgi and brings it back to the ER. In mock-transfected cells, the KDEL-R was predominantly present in the juxta-nuclear area. In striking contrast, in the KAP3-knockdown cells it showed a diffuse localization pattern. Colocalization studies with Calnexin suggested that the KDEL-R had redistributed to the ER (Figure 2A) . Similar experiments in KIF3A-knockdown cells also revealed a more diffuse pattern of KDEL-R localization ( Figure S5B ). The weaker effect seen in these cells may simply be a consequence of the less efficient knockdown.
Our results suggest that one central consequence of interfering with kinesin-2 function is an impairment of membrane recycling at the ER-Golgi interface. To study this in more detail, we used a HeLa cell line stably expressing yellow fluorescent protein (YFP)-tagged p24 proteins, which have been observed to cycle between these compartments in living cells [10, 11] . In control cells, the p24-YFP-associated structures showed the anticipated steady-state distribution in the juxta-nuclear area and in many smaller highly motile structures (Figure 2B and Movie S1). In contrast, in the KAP3-downregulated cells the juxta-nuclear p24-YFP structures appeared to be somewhat scattered, and the motility of all the structures seemed drastically reduced ( Figure 2B and Movie S2). Quantitative analysis of p24-YFP motility revealed that KAP3 silencing resulted in a striking 70% reduction in the overall frequency of p24-YFP motility events (44% of all structures in mock-treated cells but 13% in KAP3-knockdown cells) ( Figure 2C ). However, the relative distributions into inwardly and outwardly moving structures with respect to the juxta-nuclear area of the cell were similar (35% outward and 26% inward in mock-treated cells; 39% outward and 25% inward in KAP3-downregulated cells), consistent with the finding that melanosome movement was also reduced in both directions upon kinesin-2 inhibition [12] . We next measured the average run distance of only the motile carriers. In mock-transfected cells, these carriers moved an average of 10.8 mm, compared to only 7.6 mm in the KAP3-knockdown cells ( Figure 2D ). The carriers moving away from the juxta-nuclear area of the cell, and therefore potentially toward microtubule plus ends, showed the strongest reduction (50%) in distance travelled ( Figure 2E ).
KAP3 Silencing Has No Effect on Anterograde Secretory Traffic
Aberrant recycling of transport-machinery components (KDEL-R and p24) between the ER and the Golgi complex should result in cargo-transport defects. To explore this, we performed a series of functional assays to measure specific transport processes. The ts-O45-G variant of the vesicular stomatitis virus glycoprotein (VSV-G) accumulates in the ER at the restrictive temperature but is transported to the cell surface at the permissive temperature [13] . Both mock-and KAP3-siRNA-treated cells showed similar patterns of ts-O45-G transit through the secretory pathway, culminating in the cell-surface accumulation of the protein after 90 min ( Figure S6A ). Quantification revealed little difference in the secretory rates of control, KAP3-knockdown, and KIF3A-knockdown cells (Figure S6C ), whereas negligible amounts of ts-O45-G reached the cell surface of cells downregulated for the b-COP subunit of the COPI coat complex, a positive control for the inhibition of cell-surface delivery of ts-O45-G (Figures S6B and S6C) . Similarly, cellsurface arrival of another secretory cargo molecule (GPI-anchored protein) also appeared to be unaffected by the KAP3 downregulation ( Figure S6D ). Finally we examined the transport of newly synthesized Golgi residents. Despite the appearance of fragmented Golgi structures, delivery of GalNAc-T2-GFP ( Figure S6E ) and Mannosidase-II-CFP (data not shown) proteins to the Golgi was unimpaired by KAP3 downregulation.
KAP3 Downregulation Abrogates the Arrival of KDEL-Containing Protein Toxins at the ER
We next assessed the functionality of specific retrograde transport pathways in the KAP3-knockdown cells. Various toxins are endocytosed by cells and routed to specific organelles prior to membrane translocation and inactivation of their cytosolic protein-synthesismachinery targets (reviewed in [14] ).
We first incubated cells with increasing concentrations of diphtheria toxin (DT), which requires routing to acidic endosomal and lysosomal compartments, and measured cellular protein synthesis after 3 hr of incubation. No significant difference in the efficiency of protein synthesis inhibition by DT between mock-and KAP3-knockdown cells at any of the concentrations tested was seen ( Figure S7A) , consistent with the fact that kinesin-2 is not required for endocytic traffic [6] .
We next challenged cells with Shiga-like toxin-1 (SLT-1), which after endocytosis exploits a Rab6-mediated, COPI-independent retrograde trafficking pathway from the Golgi complex to the ER [15, 16] . Again, no dramatic difference in SLT-1 toxicity between the KAP3-downregulated and the control cells was seen ( Figure S7B) , consistent with the fact that kinesin-2 impairment did not affect Rab6A-GTP-induced Golgi enzyme redistribution [17] . Furthermore, the motility of GFP-tagged Rab6A structures did not appear to be altered by KAP3 downregulation (Movies S3 and S4 and Figure S7C-S7F) .
In contrast to SLT-1, Pseudomonas exotoxin A (PE) bears a ''KDEL-like'' sequence and is transported from the Golgi to the ER predominantly by the KDEL-R-/ COPI-dependent transport machinery [18, 19] . We consistently observed that KAP3-knockdown cells were more resistant to the effects of PE than mock-treated cells ( Figure 3A) . We repeated the toxicity tests to follow the kinetics of protein-synthesis inhibition by PE over time with a fixed PE concentration of 1 mg/ml. PE took almost three times longer to exert a 50% reduction in protein synthesis in KAP3-knockdown cells than in mock-transfected cells (290 min compared with 100 min, Figure 3B ). However, cells treated with Brefeldin A (BFA), a drug that ultimately causes toxin redistribution from the Golgi to the ER, were consistently resistant to toxin activity (Figures 3A and 3B ; also Figure S7B ), reflecting the fact that this treatment does not simply slow but rather abolishes transport through the Golgi complex. By contrast, the less severe effect of KAP3 downregulation on PE toxicity more likely implies that Golgi-to-ER toxin transfer is retarded in these cells.
To confirm that KAP3-knockdown cells have a compromised KDEL-R-/COPI-dependent retrograde transport pathway, we incubated cells with fluorescently labeled SLT-cell-binding domains (B-chains), containing either a wild-type (wt) C terminus or a modified C terminus carrying a ''KDEL'' sequence. We assessed the arrival of these toxins in the ER by the fluorescence of the nuclear envelope ( Figure 3C, arrowheads) . The initial uptake of both SLT-B-wt and SLT-B-KDEL appeared to be similar in both mock-and KAP3-siRNA-transfected cells. After 4 hr of toxin incubation, we found that 56% and 58% of mock-treated and KAP3-knockdown cells, respectively, showed ER-localized SLT-B-wt, indicating little effect of the siRNA treatment on the COPI-independent pathway ( Figure 3D ). By contrast, only 53% of KAP3-downregulated cells, compared to 89% of control cells, had detectable SLT-B-KDEL at the nuclear envelope.
Together, our data strongly suggest a critical role for kinesin-2 in the KDEL-R-/COPI-mediated Golgi-to-ER recycling pathway. In particular, we found a marked resistance of KAP3-knockdown cells to intoxication by PE, a toxin shown previously to be highly dependent on the levels of circulating KDEL-R for ER access [18] . Reproducibly, we observed a striking loss of the KDEL-R at the Golgi complex, which is consistent with its being unavailable for PE binding at this location. One possible interpretation of KDEL-R redistribution, which seems counterintuitive for disruption of a plus-end-directed motor, is that the impairment of Golgi-to-ER membrane recycling indirectly affects certain anterograde transport activities. For example, some mechanism may exist to detect the levels of retrograde machinery factors, including molecular motors at the ER, and thereby reduce the ER export of certain recycling components, such as the KDEL-R, resulting in their gradual accumulation in this compartment. A link between motors and microtubules at ER-exit sites has recently been shown [20] , and indeed kinesins and dynein have been found on the same structures [21, 22] . In this scenario, ER export of true cargo may be unaffected, and indeed it has been shown that the transport of various anterograde cargo molecules is not altered by impairment of kinesin-2 function ( [23] , this study). In this respect there appears to be a difference in kinesin-2 function between mammalian cells and Xenopus cells, where we have previously shown effects on anterograde transport [3] .
Our most striking phenotype of KAP3 or KIF3A downregulation is the disorganization of Golgi membranes. One explanation for this could be that kinesin-2 plays a role in the membrane organization of this organelle. Indeed, the KIF3B motor subunit has been shown to directly bind the Golgi spectrin Syne-1 [24] , which itself is required for Golgi-to-ER transport [4] , thereby providing a link between motor activity and organelle structure. Despite the rearrangement of Golgi membranes and new steady-state distribution of the KDEL-R, we find that certain transport activities appear to be normal. This suggests that the classical ribbon-like appearance of the Golgi complex may not be essential for its function but may merely reflect a self-organization process occurring as a consequence of the dynamics of transport along the secretory pathway. A link between the morphological status of the Golgi complex and membrane recycling is not a new concept. Recent work has shown that the tyrosine kinase Src may play a role in the regulation of KDEL-R-dependent retrograde transport [25] . Cells lacking Src have an enhanced Golgi-to-ER transport and an altered Golgi complex morphology. Bard and colleagues also found that overexpression of constitutively active Src, which should slow Golgi-to-ER transport, results in the redistribution of the KDEL-R. Consistently, here we found that altered Golgi-to-ER transport results in a dispersed Golgi morphology and the redistribution of the KDEL-R. Altogether, therefore, there is now strong evidence for a role for kinesin-2 in Golgi-to-ER recycling. Although kinesin-2 may not be the unique retrograde motor, it may be the principal retrograde motor for COPI-coated carriers and in turn play an essential role in the maintenance of membrane architecture of the ER-Golgi interface.
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